cracking (SSC) in sour environments, was investigated using tensile and impact tests. These tests 2 2 s 54%, respectively. The surface morphology analysis indicated that surface damage and uniform plastic s .
Introduction
and atomic hydrogen as corrosion byproducts. The atomic hydrogen can diffuse into the metal matrix, creating hydrogen stress cracking (SSC) and is more severe at low pH values. levels of H 2 S and CO 2 in new natural gas reservoirs (Carneiro Furthermore, severe working conditions, to which drilling equipment is exposed in reservoirs, require high grade steels capable of resisting SSC and withstanding high mechanical loads under conditions that encourage hydrogen Crabtree and Gavin, 2005) .
Therefore, it is essential to evaluate different methods for the determination of the ability of a material to resist cracking in sour environments (Grabtree and Gavin, 2005) .
International, adopts different methods for evaluating a material's susceptibility to stress corrosion cracking (SCC) in a wet H 2 form of hydrogen embrittlement which is a cathodic cracking mechanism. It should not be confused with the term stress Joosten, 2006) discussed that there are currently no generally accepted prediction algorithms for any form of H 2 S corrosion. There are still many uncertainties about the corrosive reactions that lead to pitting, which is the most common mode of sour service equipment failure. Zhang et al (2011) found that the hydrogen sulfide content in some wells exceeded 10vol.% in the Sichuan sour gas fields in China. In these wells, the partial pressure of H 2 had been available for the corrosion of carbon steels under these extreme conditions, it is difficult to design effective evaluation methods for the corrosion-resistance of materials. Zhang et al (2011) studied the ability of sulfur to accelerate the corrosion of carbon steel in wet H 2 S environments, showing that sulfur severely accelerated SSC. However, the methods discussed above cannot be used to evaluate the variations and degradations of mechanical properties of steel equipment and casings in sour wells, and cannot suggest the strength criteria as a standard. For these reasons, it is important to learn about hydrogen embrittlement, study the hydrogen concentration and evaluate the effects of material properties in order to develop new testing methods and identify proper strength criteria for well casings in sour environments.
To date, most research on hydrogen embrittlement has investigated absorption of hydrogen into line pipe steels and susceptibility of these steels to hydrogen induced cracking (HIC) in solutions saturated with high pressure H 2 S and CO 2 . and its absorbed hydrogen content increased as the partial pressures of H 2 S and CO 2 increased. Several researchers reported that the susceptibility of pipeline steels to HIC in NaCl solutions saturated with high pressure of H 2 S depended have also investigated the conditions that make metals more prone to intergranular cracking and have assessed the deformation mechanisms of hydrogen embrittlement induced by temperature susceptibility. In addition, other the mechanisms associated with intergranular corrosion and susceptibility in V-notched specimens and loss in mechanical properties caused by hydrogen damage in sour environments.
In this study, we used P-110 casing steel specimens to examine loss in tensile and impact strengths under sour conditions. Using a high temperature high pressure (HTHP) we measured the tensile and impact properties of P-110 casing specimens before and after they were exposed to the 2 2 partial pressure 2 s hours. 
Materials and corrosive medium
D (mm) G (mm) R (mm) L (mm) F (mm)
Tensile testing
The tensile specimen was mounted onto a specialized , shown in Fig. 2 . With specimen until the stress and strain of the specimen reached s curve of a tensile specimen is shown in Fig. 3 . Then, the nut number was screwed down to maintain a constant load s ) on the specimen so that the stress and strain did not change during the corrosion test. The assembly of the loading with the tensile specimen were removed from the testing machine and then immediately placed in a 6-liter autoclave, shown in Fig. 4 . In these stress corrosion tests, the specimens were immersed in the simulated formation water 2 S and CO 2 and the water flow rate was controlled at 2 m/s. Following exposure to the sour environment, the specimens were was conducted on these specimens. All evaluations were repeated three times and averaged.
This autoclave was designed and constructed to allow the introduction of multiphase flow. The maximum operating loading fixture and the autoclave were made of Hastelloy C-276. The difference in the thermal expansion coefficient . able to maintain a constant load on the specimen during For comparison, four groups of tensile specimens pretreated at different conditions were prepared and used to conduct following examinations. Tensile specimens without any pretreatment were designated Specimens A and Specimens B were obtained after the tensile specimens s . The specimens which had been exposed to the sour s , were named Specimens C (the pH value of the formation water was was adjusted to 3 using CH 3 COOH).
The true stress-strain curves of each group of specimens were drawn to analyze the results of the tensile test. The represents the total mechanical energy of the P-110 casing specimen consumed until failure, and numerically equals the area under the stress-strain curve from zero to fracture point.
Loading fixture
Tensile specimen Displacement gange Screw-down the nut number to keep a constant load 
where n N is the total number of s is the true stress, s= *(1+ e is the true plastic strain, e=ln(1+ U* is the strain energy density, J/m 3 V is the specimen volume, m 3 P F is the critical load of crack propagation, A 0 is the cross-sectional area of the specimen, m 2 L is the d a and d F are the diameter of the fibrous zone and the cross-sectional diameter of the fractured neck, respectively, as shown in Fig. P F is the critical load, determined by the standard method
The procedure for installing the Charpy impact specimen is shown in Fig. 6 . The load imposed on the specimen was adjusted by the displacement of the V-notch, which was controlled by the nut number. A dial indicator was mounted to measure the specimen displacement and then the stress applied at the crack tip of the specimen s when the displacement of the V-notch was 0.12 mm, which can be seen from the stressdisplacement curve in Fig. 7 .
The three-point bend testing was also conducted at 60 s . In this autoclave, the H 2 S and CO 2 partial pressures were kept at 1 point bend fixture and the impact testing was immediately performed at room temperature to obtain crack propagation force F Q specimens without any pretreatment, named as Sub-size repeated for three times and averaged. Loading fixture for tensile specimens Loading fixture for bend specimens Fig. 5 The necked section (a) and the top view of the fracture plane (b) of the tensile specimen
The P-110 casing steel impact specimens were exposed to sour environments and simultaneously underwent threetaken from the autoclave and immediately impact tests were conducted at room temperature. The value of K Q was Table 3 . The results of Specimens B indicate that the elastic deformation of the casing specimen caused by stress was recoverable when the stress was removed, and its tensile strength and yield strength actually increased due to strain hardening. The results of tensile tests performed on Specimens C and D were stable and reliable. From these tests, we found that for the specimens exposed to sour s , the deformation of the casing specimens cannot be recovered, resulting in significant losses in mechanical properties. Furthermore, these results show that the fracture toughness 1/2 , this is mainly due to corrosion by H 2 S and CO 2 . The tensile specimens examined in this study represented two different types of strain aging: ordinary strain aging occurred in Specimens B, which could to H 2 S and CO 2 , which occurred in Specimens C and D and could not be recovered. This special strain aging due to H 2 S and CO 2 corrosion also led to decays in the strength, ductility, and toughness of the casing specimens. The reduction in tensile strength, yield strength and fracture toughness of the casing steel specimens can be attributed to the degradation of the steel mechanical properties caused by combined effects of the sour environment and the stress state. This shows that the casing mechanical properties will significantly reduce in wellhead and bottom conditions due to the combined corrosive effect. Compared with Specimens A, the true stressstrain curves of Specimens C and D have moved down, as V ) m 3 , while those of Specimens C and D decreased by 15.0 J/ m 3 volume of the casing specimens changed after the casing was placed in service in sour well conditions. The specimens exposed to air (Specimens B) show an increase in strength and a decrease in plasticity. Because of strain hardening induced by preloading, local plastic deformation (dislocation movement) occurred, the grain size increased, and the accumulation of dislocations increased the local strength (the local strength increased due to the cumulative effect of grain growth and dislocation accumulation). For Specimens C and D, the strength and plasticity decreased due to H 2 S, CO 2 contained in the corrosive medium. The strain energy loss would occur in sour environments and the loss energy is equivalent to hydrogen surface damage induced by SSC.
The surfaces of specimens C and D were investigated with a scanning electron microscope (Quanta 450, American corrosion were observed to have formed due to the combined effects associated with the H 2 S and CO 2 corrosion medium. The corrosion was accelerated at local surfaces because of combined actions of stress concentration and pitting. The specimens showed plastic deformation, increased lengths, and reduced outer diameters, as shown in Fig. 10 . The narrow cracks formed on the specimen surface had a width of 100
The tensile fracture of Specimens A, shown in Fig. 11(a) secondary cracks. Fig. 11(c) and Fig. 11(d) show the tensile fracture of Specimens C, which had a smaller cross-sectional area than Specimens A and a large number of cavity-like structures. The differences between Specimens A and C are as follows: the cross-sectional area of Specimens C decreased and while the crystalline area increased. Specimens A showed greater plastic deformation after yielding, and then necking occurred followed by fracturing. Specimens C showed creep behavior and dislocation gliding during the stress corrosion test, causing no significant yield platform or deformation. The total elongation of Specimens C was less than that of Specimens A, which was caused by hydrogen permeation and hydrogen gathering at local defects in Specimens C. An increase in space between crystals observed in Specimens C resulted in plastic deformation that occurred at inclusions and grain boundaries. Slippage then occurred along the closepacked (111) direction in the body-centered cubic (BCC) crystal structure. In the process of tensile test, shear stresses acted in the directions of planes (111) and ( ), which caused necking and then a reduction in dislocation glide. Hydrogen permeation led to surface damage, which allowed hydrogen atoms to permeate even further. The cavity-like structures continued to expand since the stress kept increasing during were formed, resulting in decreases in strength, ductility, and toughness of the P-110 casing steel specimens.
The experimental results show that the combined action of sour environment and applied stress caused losses in the mechanical properties of P-110 casing steel specimens. The mechanical properties of casing specimens, resisting external forces and corrosion, were reduced by H 2 S and CO 2 , which made the casing specimens more susceptible to brittle fracture and failure. At first, hydrogen diffusion and aggregation only occurred at defects. As the hydrogen pressure gradually increased, local plastic deformation occurred when the hydrogen pressure equaled the yield strength. When the hydrogen pressure equaled the atomic force, micro-cracks initiated. Hydrogen was adsorbed onto the metal surface and further concentrated at defects. This changed the local potential and decreased the surface energy of the metal, resulting in crack initiation and propagation. Eventually, hydrogen permeation enhanced dislocation formation, multiplication and motion, which caused stress concentration and plastic deformation to reach a critical state.
Reduction of impact toughness and intergranular fracture
The impact tests were performed at room temperature on sour environments at 60 °C and 10 MPa and test results are listed in Table 4 . The impact properties of P-110 casing specimens decreased after three-point bend testing conducted in sour environments. Their reductions in impact energy and fracture toughness (K IC ) were 28% and 54%, respectively. The values of fracture toughness calculated from Eqs. (3) and s in the three-point bending test while other conditions were not changed, the bend specimen showed intergranular cracking at the bottom of the V-notch, as shown in Fig.14 . The crack initiated at the root of the along the V-notch due to notch sensitivity. Crack growth was accompanied by corrosion effects, and crack propagation and bifurcation occurred at local sites of inhomogeneity in the material. Re-nucleation and further propagation were again prompted by the corrosion effects of H 2 S and CO 2 .
near cracks were changed. The crack propagated along the The characteristics of the impact properties of P-110 steel specimens after corrosion tests primarily highlight differences between the load-displacement and energy-displacement-F without any pretreatment, curves of specimens that underwent SSC testing were offset, resulting in a decrease in the total displacement, as shown in Fig. 12 . In addition, the energy consumed by crack formation and crack propagation stress corrosion tests, 1) cracks were formed more easily, 2) 3) specimens had reduced fracture toughness, and 4) fracture and failure occurred more easily. Stress concentration and micro-cracks occurred at the bottom of the V-notch in impact s and the corrosive test conditions at 60 °C, 10 MPa, where specimens were submerged in simulated formation water for 168 hours. The notch sensitivity of P-110 casing specimens is shown in Fig. 13 . degree of strain and nonlinear elasticity. In general, when a force (P Q ) greater than the force of atomic bonding was applied, micro-cracks would nucleate at the dislocation-free which changed the properties of the P-110 casing specimens from strong and tough to weak and fragile during the tensile Pet.Sci.(2013)10:385-394 (4) were consistent, indicating that both of these formulas are accurate and reliable. The results also indicate that strain aging phenomena occur in bend specimens, and the notch s . The impact performance and resistance to due to bending in sour environments (H 2 S and CO 2 ) at high temperature and pressure. These results are consistent with tensile tests performed on Specimens C and D, which were P-110 casing specimens showed strain aging as well as loss in mechanical properties in both the tensile and bend stress corrosion tests. The aging phenomenon was induced by the corrosive effects of the sour environments containing H 2 S and CO 2 . The stress, hydrogen damage and microstructural change caused the formation and accumulation of dislocations, and then micro-crack nucleation, and ultimately degradations of the mechanical properties of the specimens. direction of structural defects, especially at the crack tip. Thus, the constant stress led to corrosion and continuous crack nucleation, which led cracks to continue propagating and developing. Eventually, intergranular cracks were formed due to the sensitivity of the V-notch caused by stress 4 Conclusions 1) P-110 casing steel specimens underwent strain aging and were prone to fracture and even failure under a preload concentration, it changed the metallurgical structure and grain tip, hydrogen trapping, and hydrogen damage. The crack propagated until the stress at the crack tip reduced to K IC , then crack propagation terminated. s in a sour environment, which was shown by tensile and impact testing.
2) Surface damage and loss of mechanical properties sour environment. Dislocation formation, multiplication and motion were promoted by hydrogen permeation, resulting in the P-110 steel specimens being more prone to crack nucleation and propagation.
3) In sour wells, defects and stress concentration on P-110 steel may lead to the acceleration of corrosion and changing the casing properties from strong and tough to weak and fragile, making them more susceptible to intergranular fracture.
testing can be used to quantitatively evaluate the mechanical performance of casings in sour environments. Selecting more appropriate materials for casing used in sour environments may help reduce the susceptibility of hydrogen embrittlement on future casing materials.
